INTRODUCTION
The blue-green algae, or cyanobacteria, have traditionally been classified on the basis of morphological and physiological characteristics and described under the rules of the Botanical Code. However, 16S and 5S rDNA sequence data placed this phylum within the Bacteria (Woese, 1987) which was supported by many other authors (e.g. Gupta, 1998) . Describing this group in the same manner as most other bacteria is accompanied by the problem that existing genera and species have been described based solely on morphological characteristics observed in field samples (Castenholz & Waterbury, 1989) . This problem has to date hindered the classification of cyanobacteria under the Bacteriological Code. tonic and toxigenic organism that usually occurs in eutrophic lakes, ponds and reservoirs and often forms water blooms from summer to late autumn (Carmichael, 1996) . Delimitation and validity of Microcystis species have been discussed in a number of papers. Twenty-three Microcystis species were described by Geitler (1932) , which included species both with and without gas vesicles. Stanier et al. (1971) suggested that only cells containing gas vesicles should be considered as Microcystis. According to the most recent edition of Bergey's Manual of Determinative Bacteriology (Holt et al., 1994) , Microcystis is characterized as having gas vesicles, a coccoid cell shape, a tendency to form aggregates or colonies, and an amorphous mucilage or a sheath. It must be noted, however, that gas vesicles are sometimes lost during subculture. Incidentally, some authors describe gas vacuoles (an assemblage of numerous gas vesicles) as aerotopes (Koma! rek & Anagnostidis, 1998) . As species which meet these criteria, Watanabe (1996) Kato et al., 1991) . It must be noted that although ' M. aeruginosa (Ku$ tzing) Lemmermann 1907 ' is the correct type species name of Microcystis according to the last edition of Nomina Conservanda, the name M. aeruginosa (Ku$ tzing) Ku$ tzing 1846 is used by many authors (e.g. Watanabe, 1996 ; Koma! rek & Anagnostidis, 1998) . The interpretation by Koma! rek (1957) is helpful to comprehend this nomenclatural problem. Although the genus name Microcystis Ku$ tzing 1833 was invalid according to the first diagnoses, Ku$ tzing himself used the name M. aeruginosa for the present M. aeruginosa in his publications in 1846 and later (Koma! rek, 1957) . This is the reason why the name M. aeruginosa (Ku$ tzing) Ku$ tzing 1846 is accepted by many authors.
In all of these studies, it was primarily cell size, colonial form and sheath characteristics that were used as the taxonomic criteria, and the term ' morphospecies ' was given to this classification of Microcystis species. Colonies of Microcystis, however, can easily change in form or disaggregate during serial subculture and it becomes difficult to re-identify them. Several attempts have been made to define taxonomic criteria, other than morphological ones, for cultured and disaggregated Microcystis cells. Fahrenkrug et al. (1992) examined DNA base composition of a number of cyanobacteria, including four Microcystis strains. The Microcystis strains used in this study had fairly similar base compositions, 38-43 mol % GjC, which was confirmed (39-43 mol % GjC) by Otsuka et al. (1999b) . Kru$ ger et al. (1995) investigated the fatty acid composition of Microcystis species as a taxonomic criterion and concluded that this attribute may be particularly helpful in cyanobacterial taxonomy, including the genus Microcystis. However, their investigation was not performed in relation to species delimitation and Otsuka et al. (1999b) reported that the fatty acid composition of Microcystis morphospecies was irrelevant to species distinction. Neilan et al. (1997) and Otsuka et al. (1998) presented phylogenetic trees of strains in the genus Microcystis based on 16S rDNA sequence comparisons. These trees did not reflect the classification based on morphological characteristics and Otsuka et al. (1998) concluded that the five Microcystis morphospecies investigated may possibly be unified into one species. This idea was partially supported by Kondo et al. (2000) with the result of DNA-DNA hybridization tests using three Microcystis morphospecies. Cell size, growth temperature range, salinity tolerance, restriction fragment length polymorphism on PCR amplification products (PCR-RFLP) of the cpcBA intergenic spacer and flanking region (IGS), and a phylogenetic analysis based on 16S-23S internal transcribed spacer (ITS) sequence comparisons also failed to support the validity of the current taxonomy of Microcystis (Neilan et al., 1995 ; Bolch et al., 1996 ; Otsuka et al., 1999a, b) . In this paper we report the genomic DNA homologies among six strains, including five Microcystis morphospecies, and reconsider the current classification of Microcystis species according to bacteriological taxonomic criteria.
Methods
Strains. Six strains, including five morphospecies used in the hybridization study are listed in Table 1 . Throughout our study, M. flos-aquae is not distinguished from M. ichthyoblabe, according to Watanabe (1996) . The five strains other than TAC86 were isolated from 1996 to 1997 and their morphospecies-characteristic colonial forms have been recorded photographically to certify the correct identification of these strains (Otsuka et al., 2000) . M. aeruginosa strain NIES843 T (l IAM M-247 T ) was previously designated M. aeruginosa strain NC7 (Otsuka et al., 2000) . The strains were purified and cloned by the micropipette-washing method. Purity of the strains was checked by bacterial check media (Watanabe & Hiroki, 1997) and fluorescent microscopy with DAPI staining. Cultures were maintained in MA medium (Ichimura, 1979) at 20 mC under a 12 : 12 h light\dark cycle with a photon flux density of about 30 µmol m − # s − " provided by daylight fluorescent lamps. Sequencing and phylogenetic analysis. The 16S rDNA sequence of M. aeruginosa TAC86 had been determined previously (Otsuka et al., 1998) and the sequences of other five strains were determined in this study. DNA for use in PCR was extracted according to Palinska et al. (1996) with minor modifications. PCR amplification and sequencing were also carried out as described previously (Otsuka et al., 1998) . The sequence alignment, including the six strains under examination here as well as 10 other strains of Microcystis, other cyanobacteria and related organisms, was obtained using the multiple sequence alignment tools in   (Thompson et al., 1997) , then converted to a distance matrix. The distance matrix was used to reconstruct a phylogenetic tree using the neighbour-joining algorithm of  , with multiple substitutions corrected and positions with gaps excluded, and the seed number for random number generation and numbers of bootstrap trials were set to 111 and 1000, respectively. Preparation of DNA for DNA-DNA hybridizations. A 30 ml aliquot of culture was centrifuged at 5000 g for 10 min at 4 mC. The pellet was broken with a beadbeater (4600 r.p.m., 30 si2) and resuspended in 10 mM Tris\HCl buffer (pH 8n0) containing 1 mM EDTA. One-tenth vols 10 % SDS solution was added to the suspension and mixed well. The lysate was extracted at least twice with Tris-buffered phenol and at least three times with chloroform. DNA was precipitated by addition of 0n1 vols 3 M sodium acetate and 2n5 vols ethanol. Enzyme hydrolysis of RNA was achieved by treatment with Ribonuclease T1 (Sigma-Aldrich) and ribonuclease A (Sigma-Aldrich). DNA-DNA hybridizations. DNA-DNA hybridization experiments were performed with DNA from both M. aeruginosa strains as probes. Percentages of DNA reassociation were determined fluorometrically from the extent of hybridization by the method of Ezaki et al. (1989) . The optimal renaturation temperature, calculated from the GjC content (Fahrenkrug et al., 1992 ; Holt et al., 1994 ; Otsuka et al., 1999b) , was approximately 31 mC, which is 55 mC lower than the T m according to Meinkoth & Wahl (1984) and Ezaki et al. (1989) , and a concentration of 100 µg DNA ml − " was used. Each experiment was repeated at least five times. current morphological classification of the Microcystis species is invalid (Neilan et al., 1997 ; Otsuka et al., 1998 Otsuka et al., , 1999a . The lengths of the 16S rDNAs of the present six strains were identical, 1457 bp, between positions 33 and 1542 of the 16S rDNA of Escherichia coli. Similar to the results of Otsuka et al. (1998) , all six strains had high sequence similarity, exceeding 99n5% (data not shown). While M. aeruginosa NIES843 T had 100 % sequence similarity with M. viridis CC9, it had 99n5 % sequence similarity to M. aeruginosa TAC86, currently classified as the same morphospecies. Thus the six strains are closely related to one another, regardless of species distinction. In the Microcystis cluster of the neighbour-joining tree based on 16S rDNA sequences (Fig. 1) , there is no clear division As with the 16S rDNA similarities, the genomic DNA homologies did not correspond with the current species classification. It is considered that the relative binding percentage should be higher than 70 % within a bacterial species (Wayne et al., 1987) . According to this criterion the present six strains can be classified as members of the same species. Microcystis spp. classification has traditionally been chiefly based on morphological characteristics. There is a problem, however, in the application of morphological criteria to cyanobacterial classification because of the variability of characteristics in response to changes in the environment (Dor & Hornhoff, 1985) . Palinska et al. (1996) showed that the great morphological diversity observed in nature and (partially) in culture does not necessarily reflect genetic diversity and mentioned the likelihood that more ' ecophenic ' and\or phenotypic forms have been described rather than genotypic species. Otsuka et al. (2000) showed that Microcystis strains can change their colonial forms in culture and, as a result, the morphological characteristics of many morphospecies overlap. Microcystis spp. possibly change colony forms in the field as well as in culture, which is thought to have caused uncertainty in the present classification of Microcystis species. It has been suggested that genetic data must be taken into consideration for classification of Microcystis species. The difference in colonial form must be regarded as intraspecific or phenotypic variation. Kato et al. (1991) concluded that M. viridis and M. wesenbergii are both well-established species based on allozyme tests. This, however, was not supported by Otsuka et al. (1999a, b) . Additionally, Kato et al. (1991) did not illustrate the validity of using genotypes derived from allozyme tests for species-level classification. The differences in the genotype can also be regarded as intraspecific variation. In this study, we propose the unification of the five (or more) morphospecies of the genus Microcystis. This unification is necessary since even a single strain sometimes has characteristics corresponding to more than two morphospecies or an intermediate form between two or more morphospecies (Otsuka et al. 2000) . (Rippka & Herdman, 1992) , M. aeruginosa PCC 7941 was proposed as the type strain, but this proposal was not made under the Rules of the Bacteriological Code (see point 3). The origin of strain PCC 7941 was strain NRC-1, which was isolated in the study of Hughes et al. (1958) . However, the authors failed to describe morphological characteristics from which they used to identify the strain as M. aeruginosa and for this reason strain PCC 7941 is not a suitable type strain. We propose M. aeruginosa NIES843 T (l IAM M-247 T ) as the type strain of the unified M. aeruginosa. Since the correct identification of Microcystis morphospecies is some-Unification of Microcystis species times in doubt, we selected strains whose characteristics are well documented (cf. Otsuka et al., 2000) and did not include strain PCC 7941 in the present study. Incidentally, the 16S rDNA sequence of strain PCC 7941 (accession no. AJ133171) has 99n4 % similarity to that of M. aeruginosa NIES843 T (data not shown).
RESULTS AND DISCUSSION

M. flos-aquae and Microcystis pseudofilamentosa
Crow 1923 should be included in the unified M. aeruginosa, since the colonial characteristics of these two species were shown to be morphological variations of one or more of the five morphospecies (Otsuka et al., 2000) . In addition, Kondo et al. (2000) Morphological characteristics can give important information about the organism of interest ; however, it is necessary to bear in mind that there are organisms which cannot be classified solely by morphological characteristics. The current taxonomy of cyanobacteria depends too much upon morphological characteristics and must be reviewed by means of bacteriological methods as well as traditional botanical methods. Molecular investigations, especially those based on 16S rDNA and DNA-DNA hybridization, would bring unification or division to some species, genera and even taxa of higher rank. There remain many cyanobacteria to be reconsidered regarding their taxonomy. The genus Synechococcus is an example ; genetic distances among Synechococcus spp. in the neighbour-joining tree ( Fig. 1) seem too large for them to be classified in a single genus and it has been shown that this is another example of an unnatural taxon (Honda et al., 1999) .
Description of Microcystis aeruginosa comb. nov. Ku $ tzing 1833
Microcystis aeruginosa (ae.ru.gi.nohsa. L. fem. adj. aeruginosa full of copper rust or verdigris, hence green).
The description is based on the data from Geitler (1932), Waterbury & Rippka (1989) , Koma! rek (1991), Fahrenkrug et al. (1992) , Holt et al. (1994) , Kru$ ger et al. (1995) , Watanabe (1996) and Otsuka et al. (1999a Otsuka et al. ( , b, 2000 . Under the Botanical Code, the species has been described as M. (7) other forms corresponding to none of the above types 1-5 (cf. Otsuka et al., 2000) . The colonies can easily change in form or disaggregate during serial subculture. The cell usually has gas vesicles which are sometimes lost. Some strains produce the cyclic heptapeptide hepatotoxin, microcystin (type strain is positive for this). Type strain is NIES843 T (l IAM M-247 T ).
